ABSTRACT: Three-hour milk production measurements determined by machine milking at 3-d intervals throughout a 63-d lactation period were used to describe lactation curves for crossbred ewes lambing at 1 and 2 yr of age and rearing single and twin lambs. Age of ewe, type of rearing, and day of lactation affected (P < 0.05) milk production. Over the 63-d lactation, average daily milk production was 2.56 and 2.63 kg, respectively, for 1-and 2-yr-old ewes rearing single lambs and 2.73 and 3.47 kg, respectively, for 1-and 2-yr-old ewes rearing twins. Milk production of 2-yr-old ewes rearing twin lambs peaked at 21 d of lactation, and that of 1-and 2-yr-old ewes rearing singles peaked between 27
Introduction
Estimates of the amount of milk produced by lactating ewes provide information for the implementation of optimum management and feeding strategies for ewes and their lambs. Lamb survival and subsequent BW gains until weaning reflect milk production ability of ewes Hohenboken, 1979, 1980; Snowder and Glimp, 1991) . Defined lactation curve equations based on frequent measurements of milk production are available for dairy sheep (Sakul and Boylan, 1992) , but these equations are not applicable to ewes managed to support lamb production. Milk production estimates have been published for ewes rearing lambs under pasture or range conditions (Langlands, 1973; Torres-Hernandez and Hohenboken, 1979; Snowder and Glimp, 1991) using 14-d intervals between 1 This study was partially supported by the Michigan Agric. Exp. Sta.
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and 30 d of lactation. The largest differences in the lactation curves among age and rearing ewe classes were found in early lactation. These differences were reduced by midlactation, and by late lactation, milk production for all ewes was similar. Diurnal variation in milk production by ewes was evaluated in an 8 × 8 Latin square design. Diurnal variation in milk yield measurements of eight mature ewes, each bearing and rearing twin lambs, was similar between d 21 and 24 of lactation. Time of milk production measurements within a day did not affect yield determinations. Extrapolation from 3-h production estimates to daily milk production is valid in determining a ewe's milk contribution in support of lamb growth.
estimates in ewes ranging in age from 3 to 7 yr. Ewe milk production under drylot conditions with mixed forage and concentrate diets have been reported from estimates collected during a single day of lactation (Loerch et al., 1985) , at 14-d intervals (Gardner and Hogue, 1964) , and at 7-d intervals of lactation with 3-to 6-yr-old ewes (Appeddu et al., 1995) . In all of these studies, milk production measures were collected over times ranging from 2.5 h to 4 h and extrapolated to 24-h production. Few studies are available in which frequently repeated measures of milk production are used to generate lactation curve equations. Further, estimates for ewes lambing at 1 yr of age are not available. The objectives of the present study were 1) to define lactation curve equations of commercial ewes lambing at 1 and 2 yr of age and rearing single and twin lambs under standard farm flock management and feeding practices targeting lamb production and 2) to evaluate diurnal variation in ewe milk production and its effect on the validity of extrapolating 3-h milk production measurements to daily milk production estimates.
Materials and Methods

Experiment 1
Data were obtained over two consecutive years using sheep from the Michigan State University commercial sheep flock. In the 1st year, 13 crossbred ewe lambs were bred to Rambouillet and Dorset rams, to lamb at an average age of 13 mo, and produced and reared six single lambs and seven sets of twins. These ewe lambs originated from a commercial cross of Rambouillet, Suffolk, and Dorset stock and were sired by Suffolk rams. In the 2nd year, 14 adult ewes from the same flock, lambing for the second time at 24 mo of age, produced and reared six single lambs and eight sets of twins, and 14 ewe lambs from the same flock, lambing for the first time at 13 mo of age, produced and reared 10 single lambs and four sets of twins. All lambs were sired by Suffolk, Rambouillet, or Dorset rams. Average BW were 68 kg for 1-yr-old ewes and 78 kg for 2-yr-old ewes.
Following parturition, birth weights were recorded and ewes and their lambs were individually housed for 3 d in 1.5-× 1.5-m pens, before initiation of milk production measurements. During this period, lambs were vaccinated against enterotoxemia and given a selenium supplement (0.5 mg selenium, s.c.; Bo-Se, Schering-Plough Animal Health, Union, NJ), tails were docked, and male lambs were castrated. Ewes were started on a complete mixed lactation diet based on 56% cracked corn, 8% soybean meal, 31% ground alfalfa hay, 4.5% molasses, and 0.5% mineral salt, with ad libitum access to feed. The diet contained 14% CP (DM basis) and a calculated ME of 2.7 Mcal/kg. Although feed intake is not reported in this study, all ewes consumed feed at levels that met or exceeded daily NRC (1985) requirements for their respective age and type of rearing categories. Throughout the experimental period, pens and feeders were arranged so that the lambs had no access to the feed provided to the ewes, and therefore the only source of nutrients available to the lambs was maternal milk.
Milk production was measured at 3-d intervals from d 6 to d 63 of lactation. A machine milking technique described by Benson et al. (1999) was used to determine 3-h milk production. Ewes were injected with 10 IU of oxytocin i.v. (Butler, Columbus, OH) and the udder was emptied immediately using a commercially available milking machine designed for sheep dairy operations (Westfalia Sheep Milking System, Westfalia Systemat, Elk Grove, IL). An operating vacuum of 40.6 kPa was used, and the pulsator was operated at 120 cycles/min with a 50:50 milk:rest ratio. This milk was discarded and ewes were returned to the pens, where they remained separated from the lambs for a 3-h period to prevent suckling. Following this separation period, ewes were again injected with 10 IU of oxytocin i.v. and milked to evacuate the udder, and the milk collected was weighed.
The experimental design was a split-plot with repeated measurements of animals (main units) over time (subunits). Ewe age at lambing (1 or 2 yr), type of rearing (single or twin lambs), and the interaction of age × type of rearing were included in the main plot and tested using animal within age by rearing type as the error term. Day of lactation and all day interactions were included in the subplot and tested with the residual error. Analyses were computed using Proc Mixed of SAS (SAS Inst. Inc., Cary, NC). The year effect was not included in the model because an initial analysis demonstrated that between years the production of ewe lambs did not differ (P > 0.15). A method similar to that described by Littell et al. (1996) for the analysis of data with repeated measures over time was used. The adopted covariance structure was autoregressive order 1, because correlations between observations are expected to be larger for nearby times than for distant times. After the model was fitted and main effects and interactions were tested, quadratic regressions were adjusted to days of lactation within age × rearing type classes, using procedure MIXED for modeling time as a regression variable (Littell et al., 1996) . Lactation curves were integrated to obtain total and average 3-h milk production values. Maximum 3-h milk production values and days at peak lactation were also derived from the curves. To further evaluate milk production throughout the 63-d lactation, total lactation was divided into early (d 6 to 21), middle (d 24 to 42) and late (d 45 to 63) and analyzed using the same model used for total lactation. Daily average milk production estimates were extrapolated from 3-h estimates multiplied by 8. By using this procedure, it was assumed that milk production in the mammary gland of ewes was constant throughout the day. In order to test this assumption, a second experiment (Exp. 2) was conducted the following year.
Experiment 2
The purpose of this experiment was to evaluate diurnal variation in ewe milk production. The experimental design was an 8 × 8 Latin square, conducted for eight consecutive days. The 24 h of a day were divided into eight 3-h milk production measurement periods, starting at midnight (0000 to 0300, 0300 to 0600, ..., 1800 to 2100, and 2100 to 2400). Eight mature (3+ yr) ewes that had produced and were rearing twin lambs and were between d 21 and d 24 of lactation were randomly chosen from the Michigan State University commercial sheep flock and randomly assigned to eight different day × time period combinations, within the restrictions of a Latin square design. Immediately before their assigned milk production periods, ewes were injected with 10 IU of oxytocin i.v., and their udders were emptied using a milking machine as described for Exp. 1. After a 3-h separation period, with lambs kept near the ewes but not allowed to suckle, ewes were again injected with 10 IU of oxytocin i.v. and machine-milked, and the milk collected was weighed. Effects of time period within a day and day of sampling were examined by analysis of variance appropriate for a Latin square design using SAS.
Results and Discussion
Experiment 1
Milk production over the 63-d lactation was dependent on age of the ewe and type of rearing. Both main Within a column, means lacking a common superscript differ (P < 0.01).
effects, age and type of rearing, affected (P = 0.003 and P = 0.0001, respectively) 3-h milk production. The interaction of both factors was also significant (P = 0.026), and therefore contrasts (t-tests) among least squares means of the four age and rearing type subclasses were conducted. Least squares means for 3-h milk production are shown in Table 1 . Average milk production of ewes rearing single lambs was 320 and 329 g/3 h for 1-and 2-yr-old ewes, respectively (P = 0.53). Milk production was greater (P < 0.01) in 1-yr-old ewes rearing twin lambs (365 g/3 h) and was greatest (P < 0.01) in 2-yr-old ewes rearing twin lambs (416 g/3 h) compared with ewes rearing single lambs. The increase in average 3-h milk production due to rearing twin vs single lambs was 14.1% for 1-yr-old ewes and 26.4% for 2-yr-old ewes. Other instances of greater milk production of twin-vs single-rearing, multiparous ewes have been reported with differences of 48.4% (Alexander and Davies, 1959) , 21% (Gardner and Hogue, 1964 ), 14 to 49% (Gardner and Hogue, 1966) , 32 to 54% (Doney et al., 1979) , 22% (Torres-Hernandez and Hohenboken, 1979) , and 17 to 61% (Snowder and Glimp, 1991) . These studies represent ewes of a variety of breeds and crossbreed types. No studies were found comparing milk production of 1-yr-old and 2-yr-old ewes or older ewes rearing either single or twin lambs. Day was also an important factor (P = 0.0001) affecting milk production, as would be expected for lactation curves that peak and decline thereafter. Age of ewe × day and rearing type × day were significant (P = 0.006) interactions, indicating differences in the shapes of the lactation curves (Figure 1 ) of ewe lambs and 2-yr-old ewes and of ewes rearing single and twin lambs. The three-way interaction of age × rearing type × day was not significant (P = 0.54).
Lactation curves and their corresponding equations are presented in Figure 1 . For the d-6 to -63 lactation period, the best-fitting polynomial curves according to criteria used by procedure MIXED of SAS (Littell et al., 1996) were quadratic. Other types of curves such as that described by the Woods equation have been used with dairy sheep for describing milk production with lactations of 28 to 175 d, and where lactation curves have shapes resembling those of dairy cattle (Sakul and Boylan, 1992) . In this study, the lactation curves were atypical compared with those for dairy cattle or dairy sheep. Average and maximum milk production and day of peak lactation, derived from the predicted lactation curves, are shown in Table 1 . Ewes lambing for the first time at 1 yr of age had a lactation peak at approximately 28 d of lactation. Ewes lambing at 2 yr of age and rearing single lambs maximized 3-h milk production at 30 d, but those rearing twins, peaked in milk production 9 d earlier, at 21 d of lactation. Several studies reporting milk production of ewes rearing lambs included a wide range of ewe ages and diverse genotypes and also found maximum production between 21 and 28 d of lactation Least squares means ± SE. Age × rearing type interaction (P < 0.01).
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(Torres Hernandez and Hohenboken, 1979; Appeddu et al., 1995) . Ramsey et al. (1998) reported greatest milk production levels on d 51 of lactation but did not measure production between 15 and 51 d of lactation. Within the 1-yr age class, ewes rearing twins had an initial 3-h milk production that was 50 g (16.6%) greater than that of ewes rearing singles (Figure 1 ). Initial 3-h milk production of 2-yr-old ewes rearing twins was 147 g (48.9%) more than that of ewes of the same age rearing single lambs. This greater milk production by ewes bearing and rearing multiple lambs may be explained by increased mammary gland development stimulated by multiple fetuses in utero. Hayden et al. (1979) reported an increase in fetal numbers from one to two or three goats corresponded to a 27 or 47% increase, respectively, in milk production. Loerch et al.(1985) reported that ewes bearing and rearing triplets increased their milk production 21% per unit of metabolic body size. In addition, Anderson (1975) reported that 78% of mammary development in ewes occurs during pregnancy.
Least squares means for 3-h milk production were similar to average values obtained from integration of the predicted curves (Table 1 ) and contributed to validation of the lactation curves (Figure 1 ). Near the end of the 63-d lactation, differences among the four ewe age × type of rearing subclasses became smaller and, at d 63, all subclasses had average 3-h milk production values between 239 and 246 g.
Partial lactation results are shown in Table 2 . Least squares means of 3-h milk production for early lactation follow the same order and significance as the differences among ewe age × rearing type subclasses found for total lactation (Table 2 ). In midlactation, however, these differences tended to become smaller, and in late lactation differences among means for all subclasses were greatly reduced. This is consistent with the trends observed in the predicted lactation curves (Figure 1) .
Average daily milk production estimated from the product of 3-h milk production (Table 1) multiplied by 8 was 2,560 g and 2,632 g, respectively, for 1-and 2-yr-old ewes rearing single lambs and 2,920 and 3,328 g, respectively, for 1-and 2-yr-old ewes rearing twin lambs. These values are similar to daily milk production estimates reported for ewes fed mixed diets, which range from 2.72 to 3.47 kg (Loerch et al., 1985) and 2.13 to 3.03 kg (Appeddu et al., 1995) , but are greater than values of 1.61 to 2.33 kg estimated in other studies (Gardner and Hogue, 1964) . Ewes managed under pasture and range conditions reportedly have lower daily milk production, ranging from averages of 0.97 kg/d (Corbett, 1968) to approximately 1.7 kg/d (Reynolds and Brown, 1991) in lactations up to 107 d in length.
Experiment 2
No diurnal variation was found in 3-h milk production of ewes rearing twin lambs when measured during midlactation (508 g/3 h). Milk production did not differ (P = 0.89) among time periods, suggesting a consistent milk secretion during the 24 h of a day. These results agree with those of McCance (1959) , Corbett (1968) , and Morag (1969) , who reported no significant diurnal variation in milk yield of grazing ewes. Ricordeau et al. (1960) measured ewe milk production indirectly by the weigh-suckle-weigh method and did not find differences among the quantities of milk consumed by lambs during day or night.
Within the 8-d span of the present experiment, 3-h milk production did not differ (P = 0.57) among days. This was expected, because ewes in midlactation were chosen for the study. Milk production differed (P = 0.002) among ewes and ranged from 425 to 628 g during a 3-h milk production. Variation among individual ewes was expected and has been reported by Reynolds and Brown (1991) . The overall mean for 3-h milk production in this experiment was 508 ± 13.3 g/3 h, which is near the value of 482 g/3 h at peak production predicted by the lactation curve corresponding to 2-yr-old ewes rearing twin lambs from Exp. 1 (Table 1) .
Implications
A 63-d lactation curve for ewes rearing single and twin lambs was defined using ewe age, type of rearing, and day of lactation information. Over the 63-d lactation, average daily milk production was 2.56 and 2.63 kg, respectively, for 1-and 2-yr-old ewes rearing single lambs and 2.92 and 3.33 kg, respectively, for 1-and 2-yrold ewes rearing twin lambs. The greatest differences in the lactation curves among the age and rearing classes of ewes were found in early lactation and disappeared after ewes attained peak milk production between 20 and 30 d of lactation. This information is useful in defining feeding and management strategies for ewes reared under farm flock conditions. Diurnal variation in milk production was not significant, and therefore daily milk production can be reliably estimated from 3-h yield measurements.
